Summary 1 DNA methylation and histone H1 mediate transcriptional silencing of genes and transposable 2 elements, but how they interact is unclear. In plants and animals with mosaic genomic methylation, 3 functionally mysterious methylation is also common within constitutively active housekeeping 4 genes. Here we show that H1 is enriched in methylated sequences, including genes, of Arabidopsis 5
Results 89
Histone H1 is enriched in methylated DNA independently of methylation 90 To investigate the functional relationship between DNA methylation and H1, we analyzed the 91 genomic distribution of the two major Arabidopsis H1 proteins, H1.1 and H1.2 (Over and 92 Michaels, 2014). Consistent with earlier work (Rutowicz et al., 2015), we did not find any salient 93 differences between H1.1 and H1.2 (Figure S1A) , and therefore will refer simply to H1. As 94 expected, H1 preferentially associates with linker DNA (Figures 1A and S1B ), is concentrated in 95 heavily methylated heterochromatic TEs (Figures 1B, 1C, S1C and Table S1 ), and is abundant 96 within genes, particularly those with low/no expression ( Figures 1D and S1D ). H1 is also enriched 97 in methylated genes compared to similarly expressed unmethylated genes ( Figures 1E and S1E) . 98
Thus, H1 is preferentially associated with methylated DNA in Arabidopsis. et al., 2018b). We find that H1 distribution is well-correlated between wild type (wt) and met1 105 ( Figures 1B, 1C , 1F, 1G and S1C, S1F). Genes methylated in wt retain higher levels of H1 in met1 106 plants ( Figures 1E and S1E ), as do TEs ( Figures 1C and S1C) . Therefore, H1 binding is largely 107 independent of DNA methylation. However, some TEs do lose H1 in met1 mutants, particularly 108 MET1-dependent TEs that are transcriptionally activated ( Figures 1F and S1G) . 109
To determine how H1 distribution is regulated, we analyzed H1 association with various 110 genomic features using principal component analysis. H1 associates most strongly with GC 111 content ( Figure 1H ) independently of nucleosome density ( Figure S1H ). Methylated genes have 112 elevated GC content ( Figure S1I ), which likely explains their H1 enrichment ( Figures 1E and S1E) . 113 H1 also associates with heterochromatic features, including DNA methylation and H3K9me2, 114 along the first principal component (Figure 1H ), and is well-separated from features of active 115 transcription (such as H3K4me3, Figure 1H ). Based on these results, we used GC content and wt 116
H3K9me2 and H3K4me3 data to create a linear regression model of H1 abundance. This model 117 accurately describes wt H1 distribution across genes and TEs ( Figures 1B, 1F As in the human genome, Arabidopsis genes expressed at higher levels have shorter 134 average NRL in wt (Figure 2A ). The NRL of less-expressed, H1-rich genes decreases substantially 135 in h1 mutants (Figures 2A-C and S2A ). In the most H1-rich genes, mean NRL is reduced from 136 185 bp to 169 bp ( Figures 2B and 2C) , which is consistent with the ability of H1 to protect about 137 20 bp of DNA in vitro (Simpson, 1978) . Consistent with published results (Zhang et al., 2015) , we 138 find that heterochromatic TEs have longer average NRLs than more euchromatic TEs (Figure 2D Table S2 ). 153
These genes are H1-enriched ( Figures 3C, 3D and S3A) and are transcribed at low levels in wt 154 ( Figure 3E ), indicating that H1 can repress gene transcription in plants. However, given that H1 is 155 generally abundant in Arabidopsis genes ( Figures 1C and 1D Figure S3B and Table S2 ). Curiously, one of these is ARGONAUTE9 (Figure 3B (Table S2 ). An important consideration is that H1 is a major 172 comparison to wt. We identified 17 such transcripts in h1, most of which (15, 88%) are upregulated 223 (Figure 6A ). This result is consistent with the hypothesis that H1 suppresses intragenic 224 transcription, but the small number of identified transcripts limits confidence and prevents further 225 analysis. We found many more mis-expressed antisense transcripts in met1 (468), and yet more in 226 h1met1 (1152; Figure 6A ). In met1, only 32% of transcripts (149) are upregulated ( Figure 6A ). In 227 contrast, 91% of transcripts (1044) are upregulated in h1met1 (Figure 6A ), supporting the 228 hypothesis that intragenic transcription is de-repressed when DNA methylation and H1 are 229 simultaneously absent. 230
We next separated antisense transcripts for which the change in expression is positively 231 correlated with the sense transcript from those with an absent or negative correlation (some 232 antisense transcripts were ambiguously correlated and therefore were removed from this analysis). 233
A positive correlation suggests that antisense expression is altered due to increased or decreased 234 overall transcriptional activity at the locus, whereas uncorrelated or negatively correlated antisense 235 transcription must be regulated differently. In met1 plants, sense and antisense expression is 236 correlated in most cases (65%, 262 out of 403 transcripts in Figure 6B and Table S4 ), indicating 237 that the antisense transcriptional changes we detected are mainly due to mis-regulation of sense 238 transcripts. However, negatively or un-correlated, upregulated antisense transcripts are much more 239 likely to initiate from methylated DNA than positively correlated, downregulated, or unchanged 240 transcripts ( Figures 6B and 6C ). This result suggests that antisense expression is activated by 241 methylation loss, but we identified just 47 (12%) such transcripts ( Figures 6B and 6C) . Thus, met1 242 data provide only modest support for the hypothesis that gbM suppresses antisense expression. 243
The situation is substantially different in h1met1 plants, in which antisense expression is 244 most commonly upregulated and not positively correlated with sense expression (83%, 894 out of 245 1074 transcripts in Figure 6D and Table S4 ). As in met1, these transcripts are much more likely to 246 initiate from DNA methylated in wt than other antisense transcripts ( Figures 6D-F To further analyze the link between gbM and antisense expression, we separated all the 249 antisense transcripts we annotated (regardless of their behavior in mutant genotypes) into three 250 groups based on their point of initiation: those from methylated DNA, from unmethylated DNA 251 within methylated genes, or from unmethylated genes ( Figure 6G ). As expected, transcripts that 252 initiate from methylated DNA have more H1 around the TSS ( Figures 6H and S6C, S6D ). In met1, 253 levels of transcripts arising from methylated genes are significantly elevated compared to 254 unmethylated genes ( Figure 6I ). Transcripts initiating from methylated sequences are also 255 significantly elevated compared to those initiating from unmethylated regions of methylated genes 256 ( Figure 6I ). In h1met1, levels of transcripts arising from methylated genes are also significantly 257 elevated, and transcripts initiating from methylated DNA are especially upregulated (Figure 6I Our data indicate that the regulatory relationship between H1 and DNA methylation is 288 unidirectional: H1 modulates, but is not directly affected by, DNA methylation. However, 289 methylation indirectly influences H1 by, for example, enforcing TE silencing ( Figure 1F) . 290
The complex relationship between H1 and DNA methylation ultimately impinges on 291 chromatin accessibility and transcription. Our results indicate that H1 and DNA methylation 292 jointly maintain heterochromatic TEs in an inaccessible and silent state (Figure 5 ). Methylation is 293 the more powerful repressor, as few TEs are activated in h1 mutants, and many of those that gain 294 activity also lose methylation (Figure 4) . However, the role of H1 becomes obvious when 295 methylation is reduced, and loss of H1 can even overcome modest hypermethylation to activate 296 TEs ( Figure 5E ). These results may explain why H1 depletion has a far more drastic effect on TE Figure 6D ) and about half of these (55%) initiate from methylated DNA -far 331 more than is expected by random chance (Figure 6E ). Conversely, antisense transcripts that initiate 332 from methylated DNA are preferentially upregulated in h1met1 ( Figure 6I ). Antisense transcripts 333 activated in h1met1 also tend to be upregulated, albeit more weakly, in met1 ( Figure 6J 
